Glomerular uptake of nucleosomes: Evidence for receptor-mediated mesangial cell binding  by Coritsidis, George N. et al.
Kidney Jntemationa4 Vol. 47 (1995), pp. 1258-1265
Glomerular uptake of nucleosomes: Evidence for receptor-
mediated mesangial cell binding
GEORGE N. C0RI'rsIDIs, PHILIP C. BEERS, and PETER M. RUMORE
Department of Medicine, Divisions of Nephrology and Rheumatology at Nassau County Medical Center, East Meadow, and State University of New York
at Stony Brook, New York; USA
Glomerular uptake of nucleosonies: Evidence for receptor.mediated
mesangial cell binding. DNA-containing immune complexes (IC) are
believed to have a central causal role in the glomerulonephritis of systemic
lupus erythematosus. Extracellular DNA which provides the antigenic
source for these ICs circulates as oligonucleosomes (ON). The in vivo
glomerular uptake of radiolabeled ON in rats, as well as its binding by
cultured rat mesangial cells, was examined. The data show that the binding
of ON to kidney, and specifically glomeruli, was almost fourfold greater
than that of purified DNA. Uptake appeared dose-dependent and satu-
rable, while there were no differences in hepatic or splenic uptake. Most
of the nucleosomal DNA recovered from glomeruli was TCA-precipitable,
and on gel electrophoresis was about 100 to 300 bp, a size sufficient to
allow formation of large ICs. In vitro studies demonstrated that ON are
bound by cultured mesangial cells in a dose-dependent and saturable
manner, with a dissociation constant of 1.25 >< 10._b M/liter and 750
binding sites per cell. Autoradiography of cell cultures incubated with
radiolabeled ON showed deposition along the plasma membrane which
was inhibited by excess unlabeled ON. The data show that binding of ON
to glomeruli exceeds that of purified DNA and may be mediated by
histones. ON bind to mesangial cells in a receptor-mediated fashion. The
data support the hypothesis of in situ formation of DNA-containing ICs
and suggest a role for the mesangial cell in lupus glomerulonephritis.
About three-fourths of all patients suffering from systemic
lupus erythematosus (SLE) will develop clinical nephritis with
many progressing to end-stage renal disease [1]. Antibodies to
double-stranded, or native DNA (dsDNA) are believed to be
central to the diagnostic and pathogenic understanding of SLE
[2]. The phenomenon of antibody titers fluctuating with disease
activity, combined with specific localization and association with
pathology in the kidney [3], are taken as strong evidence for a
direct pathogenic role of anti-dsDNA antibodies in the glomeru-
lonephritis of SLE.
Although the mechanism of DNA-anti-DNA immune complex
(IC) formation and deposition in the kidneys of patients with SLE
is unknown, one attractive hypothesis has been that ICs may be
formed locally between circulating antibodies and antigens that
have been deposited in glomeruli [4—6]. There is in vivo and in
vitro evidence that DNA binds to components of the glomerular
basement membrane (GBM), potentially leading to in situ IC
formation [7—9].
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The source of the DNA component of these complexes is
presumed to be circulating extracellular DNA [10]. Plasma DNA
in patients with SLE exists as oligonucleosomes (ON) [11], which
are histone-bound multimeric DNA molecules that are derived
from endogenous endonuclease-cleaved chromatin [12]. ON may
have important implications for a role in SLE, particularly with
regard to their immunologic behavior and cellular origins.
Although a direct interaction of intact ON at the glomerular
level has not been investigated, some authors have demonstrated
binding of histones to the glomerulus [13], while others have
shown that prior kidney perfusion with histone heightens the
subsequent binding of infused DNA to GBM [14]. These interac-
tions are thought to be largely charge-related, occurring between
positively charged histones and the negative components of the
glomerular extracellular matrix. Mechanisms other than charge-
charge interaction, such as cell surface receptor recognition of DNA
or ON [15, 16] may contribute to glomerular localization of DNA.
We hypothesized that an interaction between ON and glomer-
ular mesangial cells (MC) may be relevant in the pathogenesis of
lupus nephritis. This possibility is made more intriguing in light of
the varied and complex biological functions of MCs which include
matrix synthesis, cytokine secretion, uptake and processing of
macromolecules [17], and eicosanoid production [18]. These
functions provide a potential role for the MC in the histopatho-
logical findings of lupus nephritis.
The present study indicates that in vivo infused ON are
deposited in rat glomeruli. In vitro experiments using cultured rat
MCs indicate that radiolabeled ON are bound in a dose-depen-
dent and saturable manner. Data are presented which suggest
receptor mediated binding of ON by MCs.
Methods
Oligonucleosomes and DNA
ON were prepared from chick erythrocytes (Whittaker Bio-
products, Walkersville, MD, USA) as previously described [191, by
digestion of nuclei with micrococcal nuclease (Sigma, St. Louis,
MO, USA) and stored at —20°C using phenylmethylsulfonylfluo-
ride as a protease inhibitor. DNA for control experiments was
purified from ON [201, by digestiqn with proteinase K (Sigma) and
1% sodium dodecyl sulphate (SDS), phenol/chloroform extraction
and ethanol precipitation. Removal of histones and other proteins
was shown by obtaining an absorbance ratio (260/280) of at least
1.9. ON or purified DNA were radiolabeled by nick translation
using (1251) dCTP, 2200 Ci/mmol (DuPont NEN, Wilmington,
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DE, USA) to a specific activity of 3 to 5 X i0 cpm per sg of
DNA, as described [11]. After purification on a 1 X 30 cm
Sephadex G-50 column to remove unincorporated isotope, the
iodinated ON (I-ON) or DNA (I-DNA) preparations were >85%
trichioroacetic acid (TCA)-precipitable. Electrophoresis of ON
and purified DNA on ethidium bromide-stained 1% agarose gels,
and autoradiography of I-ON and I-DNA after electrophoresis on
6% polyacrylamide gels (see below), showed both preparations to
consist of approximately 80% mononucleosomes (200 bp), 10%
dinucleosomes, 5% trinucleosomes, and 5% subnucleosome par-
ticles of 50 to 70 bp.
In vivo experiments
The in viva uptake of ON, with particular emphasis on the
kidney, has been examined. Previous work has shown that intra-
venously administered purified DNA [21], and endogenous ON
[22], are cleared from the circulation very rapidly and mostly by
the liver. To circumvent this rapid clearance, and to avoid the use
of large doses of ON which might alter the blood clearance
kinetics [23], radiolabeled ON were perfused into the aorta
immediately above the origins of the renal arteries and below the
inferior mesenteric artery of test animals.
Sprague-Dawley rats, weighing 300 to 450 grams, were main-
tained on tap water and Purina Rat Chow ad libitum. After
intraperitoneal anesthesia with pentobarbital at 50 to 60 mg/kg of
body weight, and bladder catheterization, the abdominal aorta
was surgically isolated and cannulated with a 27 gauge needle.
Using a Harvard perfusion pump set at 0.05 mI/mm, the animals
were infused with 0.5 ml of 0.15 M NaC1, followed by infusion of
5 x io' cpm per gram body weight of I-ON, or purified I-DNA,
which were diluted to 0.5 ml in saline. To determine the satura-
bility of kidney uptake, 2 X I 0 cpm of I-ON together with various
amounts of unlabeled ON were infused in some experiments.
Following a 10-minute equilibration period during which 0.5 ml of
saline was infused, the rats were exsanguinated by cardiac punc-
ture, and the liver, spleen, and kidneys were collected, rinsed,
weighed, and snap frozen in liquid nitrogen. The organs were
pulverized, suspended in 100 mM EDTA with 0.5% SDS and
100 j.tg/ml of Proteinase K, and digested at 50°C for 16 to 20
hours. Total counts, and counts precipitable in 10% ice-cold TCA
were determined from aliquots of the organ suspensions using a
gamma counter with the backround subtracted.
To assure that TCA-precipitable counts obtained in this man-
ner represented intact nucleic acid and excluded small oligonu-
cleotide breakdown products, selected specimens of liver and
kidney were subjected to phenol/chloroform extraction and etha-
nol precipitation [20]. Comparison of yields obtained from 14
organs showed a close correlation (r = 0.87, P < 0,025) between
counts obtained from TCA precipitation of the organ suspensions
and phenol/chloroform extracted, ethanol precipitated counts
from these same specimens.
In another set of control experiments, a known amount of I-ON
was added to kidneys and livers obtained from two non-perfused
control animals and subjected to the same extraction procedures.
There were no differences between TCA-precipitable counts
obtained before or after phenol/chloroform extraction and etha-
nol precipitation, nor in the size distribution of the recovered
DNA as seen on PAGE.
To determine the amount of organ radioactivity due to residual
blood, IgG obtained from 50% ammonium sulphate precipitation
of human serum was dialyzed, labeled with Na1251 (17 Ci/mg,
NEN) to a specific activity of 1.4 X 108 cpm/s by the chloramine
T method and used as a blood marker [23]. This IgG was infused
as above, and radioactivity in the blood and organs was deter-
mined. The calculated volume of residual plasma was 0.12 ml per
kidney, which is comparable to previously reported values [24].
After infusion of I-ON or DNA into six animals, the organs and
blood were collected and counted. Using the calculated volume of
residual kidney plasma, the amount of TCA-precipitable radioac-
tivity in the kidney which was attributable to plasma contamina-
tion with both ON and DNA was determined to be 6.0 1.1% of
the kidney radioactivity.
Glomerular uptake of ON and DNA. To exclude the possibility
that radioactivity in the kidneys represented DNA which was
filtered or excreted into the renal tubules, or residual blood,
glomerular and tubular suspensions were prepared from renal
cortices by sequential sieving [25], and counts in the extensively
washed pellets were determined. Samples of each glomerular
preparation were examined under phase microscopy and con-
sisted of greater than 90% glomeruli. Tubular pellets were
contaminated with varying amounts of glomeruli. Protein content
of the dissolved pellets was determined by the method of Lowry.
DNA extraction and PAGE. Animals were infused with ON
which was nick-translated as above but using (32P)dCTP (3,000
Ci/mmol, NEN). DNA was purified from the kidneys and liver as
above and was subjected to 6% polyacrylamide gel electrophoresis
(PAGE) in 89 mrvi Tris, 89 mM boric acid, and 2 mtvi EDTA, pH
8.0 (TBE) [191. DNA size standards consisted of a Hae III digest
of phi-X DNA (Biolabs, Beverly, MA, USA) which were nick-
translated as above. Autoradiography was on X-omat/AR film
(Eastman Kodak Co., Rochester, NY, USA).
In vitro experiments
Mesangial cell culture. Kidneys were removed from anesthetized
150 g male Sprague-Dawley rats (Charles River, Wilmington,
MA, USA). Glomeruli were isolated by passage of minced tissue
through sequential sieves and cultured in flasks containing RPMI
1640 supplemented by 10% fetal calf serum (FCS) obtained from
ICN (Costa Mesa, CA, USA) with added penicillin and strepto-
mycin as described [26]. At confluence MCs were subcultured at
two to three week intervals. All studies were undertaken using
cells from 4th to 11th subcultures and were verified on at least two
independently isolated populations of MCs. MCs had elongated
cell processes at subconfluence and appeared as elongated cells
aligned in parallel arrays at confluence [171. MCs were further
identified by the following: the cells stained positive for actin
filaments which ran parallel to the long axis of the cell using
monoclonal anti-smooth muscle actin antibody (Sigma) followed
by anti-mouse IgG-FITC (Sigma) [171, and stained uniformly
negative with monoclonal anti-rat monocyte/macrophage ED-i
antibody (Chemicon, Temecula, CA, USA) [271.
Binding and displacement studies. MCs were plated onto 24-well
cell culture plates (Nunc) at 20 to 30,000 cells/mi and grown in
RPMI/iO% FCS to confluence. Media were changed to RPMI/1 %
FCS for 24 hours to arrest growth. Prior to binding experiments
the cells were incubated at 4°C for 20 minutes and the media
replaced by Dulbecco's phosphate-buffered saline with 1 mM
Ca , 0.1% glucose and 0.2% bovine serum albumin (BSA).
I-ON were added alone or in the presence of increasing concen-
trations of unlabeled ON. To assess displacement and binding
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Table 1. Organ uptake of ON and DNA
Total bound nglg TCA precipitable bound ng/g
ON DNA ON DNA
Kidney 6.95 0.77a 3.25 0.42a 0.45 010h 0.12 0.03k'
Liver 13.54 1.87 8.77 1.74 1.70 0.38 0.99 0.26
Spleen 5.83 1.14 5.21 1.45 1.59 0.38 1.16 0.28
Data represent the total and TCA-precipitable amount of ON or DNA
bound in ng per gram of tissue wet weight SEM (Student's t-test). N =
9 for ON and N = 8 for purified DNA.
ap < 0.01 for ON vs. DNA
bp < 0.02 for ON vs. DNA
characteristics further, various concentrations of high molecular
weight dsDNA from salmon sperm (Sigma), single-stranded DNA
(made by boiling salmon sperm DNA for 15 minutes followed by
rapid cooling in ice water), mononucleotides dATP, dGTP, rIP
(Sigma), yeast tRNA (Sigma), polyglutamate, total histones
(Pharmacia, Piscataway, NJ, USA) and heparin (Lymphomed,
Inc., Rosemont, IL, USA) were added simultaneously with I-ON.
After a three hour incubation at 4°C the media were removed
and the cells washed two times with 2 ml of ice-cold PBS
containing 1% BSA followed by one wash with PBS. One ml of 1 N
NaOH was added to each well for 24 hours at room temperature,
removed, washed with 1 ml of water, and pooled with the
dissolved cells. Cell-associated radioactivity was measured in a
gamma counter (LKB Model 1282, Turka, Finland) and used to
calculate mass of ON bound.
Non-specific binding for displacement studies and Scatchard
analysis was determined in wells containing 100-fold excess of
unlabeled ligand. Regression analysis was used to determine the
best fitting line and calculate the parameters needed for binding
affinity (Kd).
To assess internalization of ON experiments were performed as
above both at 37°C and 4°C and at various time intervals. After
incubation cells were stripped of membrane-bound 1-ON by
treatment with DNAase I at 10 nglml (Boehringer Mannheim,
Indianapolis, IN, USA) for one hour at 4°C, followed by deter-
mination of cell-associated radioactivity. In another set of exper-
iments, cells were incubated with I-ON at 37°C for three hours in
the presence or absence of 10 m sodium azide, an inhibitor of
internalization of endocytotic vesicles.
Treatment of MCs with 0.2 M glycine pH 2.8, which removes
almost all membrane-bound ligand from non-adherent cell lines,
was also performed. However, in our system of cultured matrix-
adherent MCs, the glycine wash was found to remove no more
than 26 2.3% (N 9) of bound I-ON whether at 4°C or 37°C.
To examine this further, experiments were designed to explore the
effect of pH on binding using pH-adjusted isotonic wash solutions
(Dulbecco's PBS). The data demonstrated that only 7% of bound
ligand could be removed with pH 4.5 wash solutions, while at pH
8.5 50% of bound ligand was dissociable. Thus acid-hypertonic
media was inadequate to distinguish externally bound from inter-
nalized ON in cultured MCs, possibly related to incomplete ligand
dissociation or increased background binding.
To evaluate the importance of protein translation for binding,
cells were preincubated with cycloheximide at 10 .tg/ml for two
hours at 37°C and washed prior to experiments.
The metabolism of I-ON by MCs was studied by determining
Table 2. Glomerular uptake of ON and DNA
ON
(N=10)
DNA
(N=8)
Glomeruli 1865 339' 526 125k
Tubules 843 80b 283 66
Data represent the mean cpm SEM per mg of protein.
a For glomerular uptake of ON vs. DNA, P < 0.001
b For uptake of glomerular vs. tubular ON, P < 0.001 (Student's t-test)
the precipitability of cell-bound and culture supernatant I-ON in
10% ice-cold TCA after interaction with cell cultures.
Autoradiography of MCs. Cells were grown as described on glass
discs to near confluence. They were incubated at room tempera-
ture for two hours with I-ON with or without 100 ig/ml of
unlabeled ON. The discs were air dried followed by formaldehyde
vapor fixation at 30°C for one hour. The slides were dipped in
Ilford Nuclear Research photoemulsion which was diluted 1:1
with water and dried. After about three weeks exposure the discs
were developed, fixed and stained with hematoxylin/eosin.
Statistics. All data are reported as mean SEM. Student's and
paired t-tests as noted in text, were determined using s-plus
software (Statistical Sciences, Inc.).
Results
Organ uptake of ON and DNA
I-ON, or purified I-DNA, was infused over 10 minutes into the
suprarenal aortas of 17 animals, and organ uptake was deter-
mined. Table 1 shows that ON localized to the kidneys in
significant amounts. Uptake of ON in the kidney is significantly
greater than that of purified DNA (P < 0.01). There are no
differences between uptake of ON and DNA in the liver or spleen.
TCA precipitates of the digested organs, summarized in Table 1,
show that a portion of the recovered counts are TCA-precipitable.
In the kidney, uptake of TCA-precipitable ON is 3.7-fold greater
than that of purified DNA (P < 0.02), whereas uptake of ON and
DNA in the liver and spleen are similar.
Although plasma clearance kinetics of infused ON and DNA
were not examined formally, total and TCA-precipitable plasma
radioactivity determined at the time of sacrifice of the animals
showed no significant difference between ON (11.4 3.4 X i04
cpm/ml of plasma, 14.6 3.4% TCA precipitability) and DNA
(8.3 2.4 x io cpm/ml of plasma, 15.4 2,5% TCA precipita-
bility). Four animals which were sacrificed 60 minutes after
infusion of ON or DNA, as opposed to the 10 minute infusions of
the earlier studies, showed virtually no TCA-precipitable radio-
activity in the blood or organs (data not shown). Thus the
clearance of ON and purified DNA appear similarly rapid, and
are consistent with previously reported studies [21, 221.
Glomerular localization
Eighteen animals were infused with ON or DNA exactly as
above, the kidneys harvested and subjected to sieving. Glomerular
uptake of ON (Table 2) is significantly greater than that of
purified DNA (P < 0.001). For ON, glomerular counts are greater
than tubular counts (P < 0.001), suggesting that most of the ON
recovered from the kidneys are localized to the glomerulus.
Seventy-one percent of the radioactivity from the glomeruli of two
of the ON-infused animals was TCA- precipitable. In contrast, an
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Fig. 1. Binding of ON to kidney. Animals were perfused with 2 X i0 cpm
of (1251)-labcled ON, with increasing amounts of unlabeled ON. Data
points represent the mean of 3 animals SEM. The kidneys were extracted
for DNA by proteinase K digestion, phenol/chloroform extraction, and
ethanol precipitation, and the radioactivity used to calculate the amount of
ON bound to whole kidney. There is a significant difference (P < 0.01,
Mann-Whitney) when ON bound at 100 jig of administered dose is
compared to that of the group of data from 200 to 600 jig doses. There are
no statistical differences between the 200, 400 or 600 jig doses.
average of only 6.5% of the radioactivity from whole-kidney
preparations was TCA-precipitable.
Saturabilily of renal uptake
Animals were perfused with radiolabeled ON mixed with
various amounts of unlabeled ON. The data indicate that local-
ization of ON to the kidney, as determined by whole-organ uptake
(Fig. 1) appear to be a saturable process within the range of 200
to 600 jig of administered dose. The calculated maximal uptake is
430 to 620 ng/g of kidney, or 2.4 to 3.5 ng/mg of protein as
estimated from 180 mg of protein/g of tissue [281. Liver uptake of
ON from these same animals was riot saturable at the doses
tested.
Size of recovered DNA
Animals were injected with 4 x iocpm of 32P-labeled ON, the
kidneys and livers collected, and extracted for DNA. Extracts
were solubilized in TRIS/EDTA buffer and analyzed using PAGE.
An autoradiograph of a typical gel (Fig. 2) shows that nucleoso-
mal DNA recovered from the kidneys of one animal (Ki) was
approximately 300 to 150 bp in length, and from a second animal
(K2) about 200 to 100 bp. DNA recovered from the livers showed
similar size distributions. Virtually no signals were seen below 100 bp.
Binding and displacement studies
The binding of ON was studied by exposing confluent MC to
increasing concentrations of unlabeled ON in the presence of a
constant amount of I-ON (500,000 cpm/ml). The data showed that
ON bound to cultured MCs in a concentration-dependent manner
(Fig. 3A,B). Scatchard analysis (Fig. 3C) revealed a dissociation
constant of 1.25 X 10° M, with approximately 750 binding sites
per cell.
To characterize the interaction further, binding studies were
done in the presence of potential competitors (Fig. 4). Binding of
I-ON was inhibited by 80 to 82% in the presence of DNA purified
Fig. 2. Autoradiographic pattern of DNA extracted from the organs of two
animals which were infused with (52P)-labeled ON. At the left are locations
of DNA size markers in base pairs. (ON) DNA from initial ON prepara-
tion; (K1,2) DNA extracted from the kidneys of two animals; (L1,2) DNA
extracted from the livers of two animals. Exposure times were varied to
allow optimal resolution of lanes, so that band intensities are not
necessarily comparable.
from ON (200 and 400 bp) and high molecular weight salmon
sperm DNA. Single stranded DNA inhibited binding by 65%.
RNA and mononucleotides showed no inhibition.
The importance of charge interactions was evaluated with the
polyanion inhibitors heparin and polyglutamate. I-ON binding
was inhibited 20% and only by heparin, suggesting minimal
anionic influences on binding. The addition of cationic histones or
polylysine increased binding by 23% and 16%, respectively.
Binding showed temperature dependence, with cell-associated
I-ON at 37° (Fig. 5, black bars) exceeding that at 4° (hatched bars)
at all time points tested. To determine whether the increase at 37°
represented internalization as well as binding, membrane-bound
I-ON was removed by treatment with DNAase. The data showed
that 94.6 2.5% and 95.3 2.3% (N = 9) of the cell-associated
radioactivity at 4° and 37°, respectively, was removed from the
cells, suggesting that essentially all cell-associated I-ON was
externally bound. There were no differences in cell-associated
I-ON with incubations at 37° in the presence (3.34 0.12 ng/well)
or absence (3.33 0.09 ng/well) of 10 m sodium azide, an
inhibitor of internalization of endocytotic vesicles (N = 3).
To determine if protein translation is required for ON binding,
studies were performed using MCs pre-incubated with 10 jig/mI
cycloheximide. The data (Fig. 5, open bars) indicate that binding
by cycloheximide-treated cells at 37° for four hours was inhibited
when compared to binding under normal conditions.
The metabolism of I-ON was studied by determining the TCA
precipitability of cell-bound and culture supernatant radioactivity.
Cell-bound radioactivity was consistently >90% TCA-precipita-
ble under various conditions of temperature, time of incubation,
and quantitiy of I-ON added.
Cell culture supernatants from experiments done at 4° for up to
six hours showed no more than a 10% decrease in TCA precipi-
tability, suggesting minimal degradation of ligand at 4°. There was
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Fig. 3. Binding of 1-ON to MCs. MCs were incubated with I-ON and
increasing concentrations of unlabeled ON for three hours at 4°. The total
(A) and specific (B) mass bound was determined as described in the
Methods section. Specific binding is the difference between total and
non-specific binding. Non-specific binding was determined in wells con-
taining 100-fold excess of unlabeled ON. Data points represent the mean
SaM of 3 separate experiments, each done in duplicate or triplicate. C.
The Scatchard transformation of binding data from 12 separate experi-
ments, each done in duplicate. Data were analyzed using linear regression
analysis. R2 = 0.74, P < 0.001.
a 25.6 1.8% decrease (N = 12) in TCA precipitability at 37°
over six hours. To test the possibility that nuclease activity in the
culture media caused this decrease, spent supernatants from
parallel experiments in which no I-ON was added, were removed
from cultures and placed in fresh 24 well plates which did not
contain cells. Fresh I-ON was added, incubated at 37° for various
time points, and assayed for TCA precipitability. These data also
showed a 21.8 1.7% decrease (N = 12) in TCA precipitability,
thus suggesting that degradation of I-ON was caused by sub-
Fig. 4. Effect of competitors on binding of 1-ON to MCS. The binding of
I-ON in the presence of various competitors was examined. The data are
reported as percent inhibition of I-ON binding by the competitor. Except
where indicated, all competitors were at 100 sg/ml. In all cases the
concentration of competitor was at least 1000-fold in excess of the molar
concentration of I-ON. (a) ON; (b) 200/400 bp DNA; (c) salmon sperm
DNA; (d) single-stranded DNA; (e) mononucleotides; (1) tRNA; (g)
polyglutamate (1 mg/mI); (h) heparin (10 mg/mI); (i) total histones; (I)
poly-l-lysine.
1 2 4
Time, hours
Fig. 5. Binding of I-ON by MCs. MCs were incubated with I-ON at 37° (•)
and 4° () forvarious times, and cell-associated ON was determined. The
effect on ON uptake of pretreatment of MCs with cycloheximide (E) was
determined in parallel with untreated MCs from the same subculture and
on the same 24-well plates. Data points represent the mean of three
separate experiments, each done in triplicate SEM. At four hours,
cycloheximide treatment significantly decreased ON uptake compared to
cells under normal conditions (P < 0.05, paired t-test). Treatment with
cycloheximide did not affect cell viability (>99% by trypan blue exclusion)
under these experimental conditions.
stances, possibly nuclease(s) released into the supernatant rather
than on the cell surface or intracellularly.
Autoradiography of MC cultures
I-ON alone (Fig. 6A) or with 100 ig/ml of unlabeled ON (Fig.
6B) were incubated with MC and processed as described. Cells
showed deposition of grains along the plasma membrane, with
excess unlabeled ON almost completely blocking the binding.
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Fig. 6. Autoradiography of MCs incubated with
I-ON. A Specific association of autoradiographic
grains along the cell boundaries. In the
presence of excess unlabeled ON (B) these
findings are considerably reduced.
Discussion
In biopsies of virtually all patients with SLE, deposits which are
likely to represent ICs are seen in the mesangium, capillary loops
or GBM [29]. Tn light of the observation that circulating DNA
exists in an oligonucleosomal configuration [11], examination of
the source and fate of these molecules may offer clues regarding
the role of extracellular DNA in the formation and pathogenesis
of DNA-anti-DNA ICs. To study this we examined the renal
binding of ON through in vivo perfusion and in vitro cell culture
techniques. Our in vivo data demonstrate that infused ON bind to
normal rat kidney, and specifically to the glomeruli, in a dose-
dependent fashion. As demonstrated on PAGE (Fig. 2), this
kidney-bound ON consists of 100 to 300 bp DNA, a size sufficient
to contribute to potentially pathogenic DNA-containing ICs [30,
31]. Isolated glomerular preparations (Table 2) suggest that most
of the kidney-bound radioactivity is localized to the glomeruli.
Since the experiments were done by intraaortic infusion without
clamping the aorta, and urine output was observed throughout the
procedures, altered hemodynamics are unlikely to account for the
results. As a result of this method much of the injectate bypasses
the kidneys and is systemically metabolized into small oligonucle-
otide breakdown products. These are likely to be recirculated and
filtered through the glomeruli to appear in the collecting tubules
and urine [21], accounting for the relatively low (6.5%) fraction of
TCA-precipitable radioactivity recovered in the whole-kidney
preparations. In contrast, glomerular preparations, which are free
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of blood and urine contamination [24], have high TCA-precipita-
ble radioactivity (71%). This reflects intact or partially degraded
I-ON that are bound to glomeruli, and is corroborated by the
autoradiograph (Fig. 2) which shows that 100 to 300 bp nucleo-
somal DNA was recovered from the kidneys.
Several data suggest that renal uptake is specific and cannot be
attributed to residual plasma. Marker studies showed that no
more than 10% of the radioactivity in the kidneys could be
accounted for by residual plasma, and residual plasma radioactiv-
ity at the time of sacrifice of the animals showed no difference
between ON and DNA. It is therefore concluded that differences
in metabolism of ON and DNA cannot account for the differences
observed in the renal uptake of ON and DNA.
ON binds to glomeruli in greater quantities than DNA purified
from these same ON, while there are no significant differences in
the hepatic or splenic uptake (Table 1). Since purified DNA
contains no histones or other contaminating proteins, it appears
that histones play a role in the localization of circulating DNA to
glomeruli. These observations are consistent with recent reports
of histone deposition and its subsequent enhancement of DNA
binding to kidney [14, 321. Since circulating DNA exists as ON
[11], the presence of the histone moiety may provide a naturally
occurring mechanism by which DNA binds to glomeruli in SLE.
These data cannot differentiate between cellular binding of ON
or trapping in the GBM or mesangium. In pursuit of this question,
our in vitro studies provide support that uptake, at least in part,
may be mediated through the presence of ON receptors on MCs.
The evidence for ON receptors on MCs is based on a number
of observations. Binding of ON to MC occurs in a concentration
and temperature dependent manner with excess unlabeled ON
inhibiting binding of labeled ON by 80% (Fig. 3). The Kd was
measured at 1.25 X 10_b M with an estimated 750 receptors per
cell based on Scatchard plot analysis. The data are supported by
visual evidence for cell surface localization of I-ON with autora-
diography (Fig. 6).
Purified DNA displaced I-ON to the same degree as equal
amounts of unlabeled ON, while RNA, mononucleotides and
polyanions negligibly displaced I-ON (Fig. 4). A slight increase in
binding was seen when histones and polylysine were incubated
with I-ON. This may represent nonspecific charge interactions of
these cationic molecules to the plastic plates.
The equal affinity which cultured MCs demonstrated for ON
and DNA appears contrary to the in vivo finding of preferred ON
uptake at the glomerular level. It is likely that cationic histone
moieties may serve to increase extracellular matrix trapping of
ON to anionic molecules, such as heparan sulphate [33]. Such
charge interactions may promote the deposition of circulating
ON, by slowing their egress from the glomerulus, thus enhancing
MC receptor binding with the DNA component of ON. There-
fore, our in vivo findings may reflect both receptor binding and
charge-related trapping, while our in vitro results, utilizing con-
fluent MCs with little matrix exposure, reflect receptor-mediated
binding.
The inhibition of binding in cycloheximide-treated cells sug-
gests a role for cell protein synthesis, possibly in the generation of
the receptor. Similar effects have been demonstrated for DNA
receptors in other cell lines [15]. The characteristics of the binding
molecule in the present study differ substantially from a previously
described oligonucleotide (up to 20 bp) binding protein [16], but
are similar to a receptor which binds high molecular weight
(plasmid) DNA [15]. Internalization and degradation of ligand
which was demonstrated in the work of Bennett, Gabor and
Merritt was not seen in the present study, possibly because of the
different cell lines, or different size of the ligand used.
The data suggest a cell surface receptor which specifically
recognizes DNA, both purified and oligonucleosomal. Thus the
MC may be included with other cell lines, including human
monocytes [34], macrophages [35], fibroblasts [36], and neutro-
phils [15], which demonstrate DNA or ON receptors. Though the
biological significance of ON binding was not directly addressed in
the present study, the existence of such receptors may have
important implications in normal and pathologic processes. For
example, impairment of receptor function, or binding to autoan-
tibodies may serve to alter clearance of ON and lead to patho-
logical antigen/antibody formation. Alternatively, the existence of
a cell surface binding molecule may suggest a second messenger-
mediated signaling process which leads to MC stimulation with
consequent cytokine release and/or proliferation. Such a response
has already been described in splenocytes and B cells where DNA
receptor stimulation results in 1L6 release [37], proliferation and
immunoglobulin synthesis [38]. IL-6 is a demonstrated autocrine
growth factor for MCs [39].
The mesangial cell, in addition to synthesizing glomerular
extracellular matrix components, produces an array of cytokines
[17, 18], some of which act as autacoids to stimulate proliferation,
others of which can recruit circulating inflammatory cells to the
glomerulus. We postulate that the charge-induced localization of
ON to the mesangium, followed by mesangial cell binding, may
initiate or perpetuate a series of events accounting for the
hypercellularity, IC deposition and inflammatory cell accumula-
tion seen in lupus glomerulonephritis.
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